The design and preparation of hybrid mixed matrix membranes based on PVC (polyvinylchloride) were studied for the separation of toluene-n-heptane mixtures by pervaporation. PVC was chosen as the starting organic matrix because it is an inexpensive polymer, possessing a very high selectivity for aromatics. This property is due to the polar macromolecular structure that can induce a specific transfer of aromatic species compared with aliphatic species. To improve the performance of the PVC glassy structure, the incorporation of several inorganic micro-and nanoparticles in the polymer matrix was performed to prepare mixed matrix membranes. The results reported were obtained using several types of clay, i.e., Maghnite, Wyoming, Kaolin and Nanocor, with the goal of improving membrane permeability due to the hybrid network. Our results show that the transport properties of the modified PVC network can be drastically modified by the type and amount of particles used.
Introduction


The separation of organic-organic liquid mixtures using membranes has been extensively investigated over several decades due to its great importance in the chemical industry. Alcohol-ether, aromatic-alkane and alkane-alkene mixtures are among the most studied of these organic-organic liquid mixtures. The latter mixture is the most difficult to separate using a membrane process, but promising results have already been obtained for the two former mixtures [1] .
Separation of the aromatic-aliphatic fractions of industrial cuts, such as ethane-ethylene or benzene-cyclohexane, is an important goal in the petrochemical industry. Unfortunately, because the physical properties of the saturated and unsaturated compounds are similar, the conventional industrially used separation methods, i.e., adsorption, distillation, Corresponding author: Denis Roizard, Ph.D., senior researcher at CNRS, research fields: membrane design, separations of gas and liquid, membrane processes. and liquid-liquid extraction, are not very efficient and can even be energy demanding because of the formation of azeotropes or the lack of significant volatility differences of the close boiling components [2, 3] . In this context, the development of new separation methods to circumvent this problem is of significant interest, and the use of membrane technologies is foreseen as a promising method to solve this challenge in the field of gas and liquid separations [4] [5] [6] . Particularly, for C6-C7 liquid cuts used in gasoline manufacturing, the percentage of aromatics must be controlled and limited to conform to the regulations. Several studies have shown the possibility of using pervaporation to remove the aromatic components, i.e., the minor component, from their alkane mixtures [7, 8] . However, there are still no commercially available pervaporation membranes.
In this study, PVC (polyvinylchloride), a low-cost polymer, was used as a highly selective hosting matrix, and the improvement of its pervaporation properties [9] .
These values indicate that PVC must have high affinities for aromatic structures and relatively low affinities for nonpolar aliphatic structures [10, 11] . A literature review shows that few papers have focused on PVC/clay systems to evaluate the pervaporation (PV) properties of PVC-based mixed matrix materials, whereas many other polymer/clay membranes have already been studied.
For example, polyamide/clay membranes were studied for the PV of aqueous ethanol mixtures. The organo-clay was prepared by an ion-exchange reaction between the montmorillonite silicate layers and SDS (sodium dodecyl sulfate) as the intercalating agent. The permeation rate was found to decrease, and the separation factor was found to increase upon the insertion of 2 wt.% SDS-nanoclay in the membranes [12] .
Poly(vinyl alcohol)-based mixed matrix membranes loaded with 5 and 10 wt.% of sodium montmorillonite (NaMMT) were used to dehydrate the aqueous mixtures of isopropanol and 1,4-dioxane. The water selectivity was also found to increase from 1116 to 2241 for PVA/NaMMT composite membranes, whereas the corresponding flux values (= 0.07 kg h -1 m -2 ) were lower than the reference value [13] .
Kuila et al. [14] prepared a blended membrane containing 25% SA (sodium alginate) and 75% sodium CMC (carboxy methyl cellulose), which showed optimum flux and benzene selectivity for 19.6 wt.% benzene in cyclohexane. The blends containing CMC above 75 wt.% were not stable during the pervaporation experiment. This blended membrane was then filled with a 2%, 4%, 6% and 8% organophilic bentonite filler to obtain four filled membranes.
The . Organically modified clay particles prepared by treating with para-toluene sulfonic acid (p-TSA) were incorporated into the sodium alginate (NaAlg) matrix to obtain composite membranes that were tested for PV dehydration of isopropanol (IPA)-water mixtures [16] . The performance of the modified clay-loaded NaAlg composite membrane was compared with that of a pristine clay-loaded NaAlg composite membrane for IPA dehydration.
The 10 wt.% modified clay-loaded NaAlg membranes showed the highest selectivity of 5.781 with a permeance of 3.423 GPU for 10 wt.% water containing an isopropanol feed mixture at 30 °C, showing a 140% higher selectivity compared with the pristine clay-loaded NaAlg composite membrane.
Novel polymer-inorganic hybrid membranes were prepared by incorporating potassium montmorillonite (K + MMT) into a chitosan (CS) matrix for the dehydration of a water-acetone mixture [17] . The K + ions in the MMT intergallery could form a hydrated layer with water, which was beneficial for enhancing the membrane's selectivity towards water. The membrane doped with 10 wt.% of K + MMT exhibited the highest performance, with a separation factor of 2.200, which was nearly 8 times higher than the value of 249 for the pristine CS membrane at 50 °C with 5 wt.% of water in the feed. Garg et al. [18] prepared poly (dimethyl siloxane) (PDMS)/clay nanocomposite membranes by the in situ cross linking of vinyl terminated PDMS (V-PDMS) resin in the presence of a clay content varying from 1% w/w to 10% w/w to evaluate the influence of layered silicate on the pervaporation characteristics of PDMS. The composite membranes showed higher selectivity for toluene in the separation of toluene/methanol compared with neat PDMS. Meanwhile, for these membranes, the selectivity decreased as the toluene component increased in the feed, but the permeation flux increased.
In the present study, a new set of PVC hybrid membranes containing Maghnite-H and inorganic nano-clays (Nanocor I30) was studied and characterized for the PV separation of toluene-heptane mixtures. This study compares the obtained results with those from the PVC membrane.
Experimental
Reagents
PVC, which was kindly provided by ENIP of Skikda (ALGERIA), was used with Maghnite-H or Maghnite-H+ (Algerian clays, diameter ≈ 8 µm) to prepare mixed matrix membranes. Kaolin has an average diameter of approximately 1 µm. Wyoming montmorillonite (SWY2, diameter ≈ 2.5 µm) was purchased from Clay Minerals Repository (University of Missouri, Columbia). Prior to use, the clay was purified by sedimentation to remove coarse impurities (mainly quartz). Nanocor I30, a nanometric organo-clay, was prepared by the ion exchange of NaMMT with octadecylamine. The average diameters were obtained from laser diffusion measurements (Malvern Mastersizer).
Membrane Preparation
The preparation of pure and composite films (thickness of 60-100 µm) was performed starting from diluted THF polymer solutions evaporated in molds (diameter ≈ 6 cm). For composite films, particular attention was focused on dispersing the inorganic particles in the polymer and promoting a good contact with the polymer phase. Hence, a suspension of clays in THF was slowly added to the polymer solution and was stirred for 24 h before casting onto Teflon molds. The membranes were allowed to dry at room temperature, and composite films up to 30 wt.% of clays were prepared. Pure PVC films were colorless, whereas the composite films were brown and were apparently homogeneous with good mechanical properties for a clay content lower than 50 wt.%.
Sorption Measurements
The sorption of the PVC films was performed by immersion in pure liquids at room temperature (20 ± 1°C) for toluene and n-heptane. The samples, weighing at least 5  10 -4 kg each, were maintained in the liquids until the sorption equilibrium was reached, i.e., approximately 24 h. Before each measurement, the samples were rapidly blotted, and the weight increase was recorded using a hermetically closed flask. The measurements were repeated several times to improve the accuracy (relative error: ± 3%). The degrees of swelling (Sw) were calculated using the following equation:
(1) where W w and W d are the weights of the membrane in the wet and dry states, respectively.
In the case of the clay particles, direct immersion in the liquid was not possible; therefore, the weight increases were measured after the exposure of the particles (approximately 1  10 -3 kg) to the organic vapor in a closed flask. For a given species, the corresponding activity can be evaluated from the partial pressure of the vapor and the saturated partial pressure at the same temperature. Note that in this case, the weight increase corresponds to an adsorption phenomena; however, in this study the word "swelling" is used to consider both the absorption and adsorption phenomena occurring with the composite membrane.
SEM (scanning electron microscopy)
The membrane cross-section views were recorded with an SEM using a high-resolution apparatus (Jeol JMS T 330 A).
Pervaporation Measurements
The separation of toluene-heptane mixtures was studied with the PVC composite membranes. A stainless-steel cell was used, and the membrane was placed on a porous support and sealed; the effective membrane diameter in contact with the liquid was 5  10 -2 m. The pressure on the permeate side was maintained below 10 -3 bar [19] . The permeate was collected continuously in glass traps, which were immersed in liquid nitrogen. For a given composite membrane, the PV experiments lasted several days to register the effect of feed composition and of feed temperature; the data were validated when the mean deviation between successive traps was below ± 5%
for fluxes and ± 2% for selectivity. The value of the pervaporation flux is calculated according to the following equation:
The flux data are given as flux values normalized to a 1-micron thickness to allow a simple comparison between membranes of different thicknesses. The C p and C f values are the weight fractions of either toluene or heptane in the permeate and feed, respectively.
The selectivity parameters used to evaluate the membrane separation are the selectivity factors  and the permeate enrichment β, which are calculated as follows:
 = C pTol. /C fTol (4) Note that the maximum possible value of α is + infinity, whereas for β the maximum is 1/C fTol [20] ; α and  values equal to 1 indicate a transfer without any pervaporation selectivity.
Results
Sorption Properties
To enhance our understanding of the PV separation mechanism of mixed-matrix membranes, PVC, clays and Nanocor used as fillers, were first subjected to isothermal sorption measurements in each solvent. Table 1 lists the equilibrium sorption capacities recorded at 20 °C. It could be noticed that PVC had a very strong affinity for toluene and that Nanocor was the only filler able to exhibit a clear preferential sorption for toluene (4 times higher than for heptane). For the other fillers, the difference of sorption values between the two solvents was too small to be significant.
These data also revealed strong differences in the sorption capacity, indicating that Maghnite and Nanocor could be better candidates than Kaolin or Wyoming clay to promote PV flux, possibly due to the respective accessible specific surface of the fillers. Therefore, it is fundamental to quantify the sorption extent for each solvent, which translates the amplitude of the interactions between the small molecules and the PV membranes and enables the evaluation of the ideal expected selectivity with a given binary mixture. The difference of the solubility parameters between the polymer and the permeant is often used to qualitatively determine the sorption degree of a given molecule for a polymeric membrane [21] . However, the quantitative evaluation of the sorption degree requires that dedicated experiments are performed. 
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Hence, the sorption properties of the composite PVC-clay membranes were registered with 50-50 wt.% toluene/n-heptane mixtures in the vapor and liquid phases ( Table 2) .
The liquid phase sorption values are much larger than are those in the vapor phase for toluene and heptane, and it is noted that the sorption of toluene is always stronger than that of heptane. Given the measurement conditions, the difference in values between the vapor and liquid phases is mainly due to the lower thermodynamic activity of vapor ( Table 2) .
Membrane Morphology
SEM pictures were obtained to determine whether the effect of the filler at the microscopic level could be seen (Fig. 1) . The PVC view can be considered as a reference for a fully dense cross section of the glassy polymer (Fig. 1a) ; with a magnification of 1500, the cross section appears neat and homogenous, and only some small defects can be seen.
Conversely, all of the other pictures show heterogeneous surfaces. The hybrid M 30% Mag-H view exhibits major cracks in the middle and on the right hand side, which corresponds to the bottom side of the membrane (Fig. 1b) . It appears that these cracks are due to the agglomeration of fillers, which were the largest used of this series (i.e., the average Maghnite value was 8 µm). These cracks are not seen in the M 30% Kaolin cross-section (Fig. 1c) ; in this case, the distribution of the fillers appears the same from one side to the other side of the membrane (mean Kaolin value: 1 µm). Fig. 1d corresponds to a matrix with 30 wt.% of Nanocor, which is the smallest filler. It is interesting to note here that the cross section is composed of a multitude of small flakes that seem to be coplanar to the surface. This well-ordered structure must be linked to the platelet morphology of the nanometric organo-clays spread throughout the PVC matrix. Hence, compared with the Kaolin filler, the incorporation of Nanocor fillers in the PVC matrix induces a less dense structure.
Pervaporation
Separation by pervaporation requires the use of dense, non-porous polymer films. It is well recognized that the mas transfer is the result of the solution-diffusion mechanism that combines a thermodynamic step and a kinetic step [22] . Schematically, the performances are initially dependent on the affinities between the permeants and the polymer, which can be easily predicted from the sorption affinities and from the diffusion properties of the small molecules in the polymer matrix. Note that the sorption and diffusion phenomena can either favor or not favor the same molecule. Often, the selectivity registered with a binary mixture is significantly lower than the ideal selectivity that would be predicted from the pervaporation of each pure species; this is due to the coupling phenomenon between the two species, which is in any case, difficult to precisely analyze. Using rubbery polymers, the extent of coupling is typically the highest with organic-organic separations because the extent of polymer swelling can be very high.
Effect of the Magh-H Content on Membrane PV Selectivity
The properties of the composite films were determined with the 50/50 toluene/n-heptane feed Table 2 The phase sorption equilibrium vapor and liquid at 50 wt.% toluene-n-heptane mixture. The effect of the membrane composition is more significant on the PV fluxes than on the membrane selectivity. The flux values increased only slightly for 10 wt.% of Magh-H, whereas for the percentages of 30 and 50 wt.% of filler, the increase in the flux values was considerable, especially at 74 °C, as shown in Fig. 2 .
Membranes
However, at 74 °C, a sharp increase in flux was observed with the films having the strongest mass contents of Magh-H, i.e., from 20 to 50%; compared with PVC, the flux is approximately 2 times higher (4 kg.1 µm/h.m -2 ).
For the pure PVC film sand for all of the mixed matrix membranes containing Mag-H, a clear toluene enrichment of the permeate could be obtained, corresponding to a toluene percentage enrichment from 50 wt.% in the feed to ≈ 80 wt.% in the permeate for 50 wt.% Magh-H (Fig. 3) .
The pervaporation selectivity appears to be consistent with the results obtained by sorption, showing a higher affinity for toluene. Magh-H does not have more affinity for toluene than PVC itself; hence, both the pristine and composite membranes lead to a similar selectivity. On the other hand, the increase of flux can be linked to the heterogeneous structures of the films characterized by SEM. The Magh-H particles have an average size of 19 μm, which is relatively high; this parameter avoids the formation of films with a homogeneous structure, as shown in the SEM views.
Membrane Performance
The results listed in Table 3 the PV properties of the composite films. On the one hand, considering the lower flux obtained with the Wyoming and Kaolin fillers with respect to the flux of the pure PVC film, one can deduce that these two fillers clearly act as impermeable particles, increasing the tortuosity relative to their smaller average diameters, thus limiting the mass transfer of permeants [23] . Thus, the phenomenon is explained by the barrier effect of the Kaolin and Wyoming particles in which the high shape factor of montmorillonite clay can lead to a large decrease in polymer permeability [24] . The lower permeate enrichment simultaneously registered (Cp: 84% at 50 °C) is less logically explained; it must be the result of very tiny defects induced by the fillers in the composite films. On the other hand, Maghnite fillers and, particularly, Nanocor, led to dramatic flux increases of 200 and 700%, respectively, which could not be attributed to film defects because the corresponding toluene permeate enrichments were still high. Thus, clearly in these cases, the fillers strongly enhanced the permeant mass transfer.
Conclusions
In this study, several composite membranes were produced using PVC and four different clays. It was shown that the permeation properties of PVC can be strongly modified by the incorporation of fillers, leading either to the reinforcement of its barrier properties (i.e., with Wyoming or Kaolin) or to much higher mass transfer properties (i.e., with Maghnite or Nanocor).
Improved hybrid membrane performances were obtained with Maghnite-H and Nanocor fillers, each of them having a higher affinity for toluene than for heptane. In contrast to separation by distillation, this type of membrane favors the preferential removal of toluene from the liquid feed mixture.
Hence, these results show that a simple and economical polymer, such as PVC, can be used with an appropriate filler to obtain high separation properties for aromatic-alkane mixtures by pervaporation due to the intrinsic PVC affinity for aromatics induced by the polar chlorine atoms of the polymer backbone. To progress towards the potential applications of PVC membranes, thin, supported, dense selective layers should be prepared to drastically increase the permeance while maintaining constant the high selectivity due to the PVC matrix. To achieve the successful preparation of these composite membranes, a key parameter would be to use nanoparticles with improved compatibility with the PVC chains.
